The Sendai virus P protein is an essential component of the viral RNA polymerase (P-L complex) required for RNA synthesis. To identify amino acids important for P-L binding, site-directed mutagenesis of the P gene changed 17 charged amino acids, singly or in groups, and two serines to alanine within the L binding domain from amino acids 408 to 479. Each of the 10 mutants was wild type for P-L and P-P protein interactions and for binding of the P-L complex to the nucleocapsid template, yet six showed a significant inhibition of in vitro mRNA and leader RNA synthesis. To determine if binding was instead hydrophobic in nature, five conserved hydrophobic amino acids in this region were also mutated. Each of these P mutants also retained the ability to bind to L, to itself, and to the template, but two gave a severe decrease in mRNA and leader RNA synthesis. Since all of the mutants still bound L, the data suggest that L binding occurs on a surface of P with a complex tertiary structure. Wild-type biological activity could be restored for defective polymerase complexes containing two P mutants by the addition of wild-type P protein alone, while the activity of two others could not be rescued. Gradient sedimentation analyses showed that rescue was not due to exchange of the wild-type and mutant P proteins within the P-L complex. Mutants which gave a defective RNA synthesis phenotype and could not be rescued by P establish an as-yet-unknown role for P within the polymerase complex, while the mutants which could be rescued define regions required for a P protein function independent of polymerase function.
Sendai virus, a paramyxovirus, is an enveloped virus with a single-stranded, negative-sense, nonsegmented RNA genome of about 15 kb (for reviews, see references 25 and 27) . The genome RNA is completely encapsidated by the nucleocapsid protein, NP, which renders the RNA nuclease resistant. The RNA-dependent RNA polymerases of negative-strand RNA viruses are unique in that the helical ribonucleoprotein complex or nucleocapsid (NC), not the RNA alone, serves as the template for mRNA synthesis and genome replication. The viral RNA polymerase is composed of the phosphoprotein (P, 568 amino acids [aa] ) and the large protein (L, 2,228 aa) and has been shown to be packaged within the virion with ca. 300 molecules of the P protein and 30 molecules of the L protein (30) . Transcription by the viral polymerase initiates at the precise 3Ј end of the encapsidated genome, yielding first positive-strand leader RNA (leϩ, 55 nucleotides [nt]), which is followed by the sequential synthesis of the six major mRNAs in the gene order of NP, P/C/V, M, F, HN, and L mRNAs (26) (27) (28) . These mRNAs, but not leader RNA, are modified by the viral polymerase by capping and methylation at the 5Ј end and by polyadenylation at the 3Ј end. The exact mechanism of mRNA synthesis has yet to be defined, but the L protein is believed to contain most of the catalytic activities necessary for viral RNA synthesis and processing, although presently there is little direct experimental data on this point.
The P protein is involved in multiple protein-protein interactions that are required for RNA synthesis. First, P complexes with L to form the RNA polymerase; however, the precise function of the P protein within the complex is unknown. P appears to be important for the proper folding of the L protein, since L must be coexpressed with P to be stable (20, 21) .
Through deletion analysis, the L binding domain within the P protein has been mapped to aa 412 to 479 (12, 34) . Binding of the P-L complex to the NC template occurs through the P protein subunit of the polymerase (23, 31) between two noncontiguous NC binding sites (32, 33) in the C-terminal half of the P protein.
The P protein has also been shown to oligomerize forming a homotrimeric complex, where the oligomerization domain was mapped to aa 344 to 411 (9, 11, 24) . Computer analysis predicts that this domain has a coiled-coil structure which is important for the P-P interaction. This oligomerization domain overlaps the most amino terminal NC binding domain, and it has been proposed that the different protein-protein interactions necessary to form the P-NC and P-P interactions occur on different faces of the coiled-coil. However, the data are also consistent with a model where P oligomerization is required for the P-NC interaction, as has been shown for the vesicular stomatitis virus (VSV) P protein (17, 18) . Another possible role for P protein in viral RNA synthesis has recently been described. Curran (8, 9) provides evidence that while part of the NC associated P protein is found in the P-L complex, the rest is bound to the template independently of L, and this latter form of P is also essential for mRNA synthesis.
It was our goal to characterize the P-L interaction with respect to the specific P amino acids which are required for binding L protein. We initially selected clustered charge-toalanine mutagenesis as our approach because of the likelihood of targeting residues residing on the surface of the protein and of producing stable mutants capable of exhibiting altered phenotypes (1, 2, 7, 36) . This approach was complimented by the mutagenesis of conserved hydrophobic amino acids in the L binding domain. We present evidence that while all of these mutants maintained their ability to complex with itself and L protein, a significant number proved to be defective in viral RNA synthesis. Our studies were able to define specific resi-dues within the L binding domain which are required for an independent function of P, but not for P-L complex activity.
MATERIALS AND METHODS
Cells, viruses, and antibodies. Sendai virus was propagated in embryonic chicken eggs and polymerase-free wild-type (wt) NCs were prepared from purified virus by banding on CsCl gradients (4). Recombinant vaccinia virus (VV) containing the gene for the phage T7 RNA polymerase (VVT7) (15) was a gift of E. Niles (State University of New York, Buffalo) and was grown in Vero cells. Infections and transfections were performed in human lung carcinoma A549 cells from the American Type Culture Collection. The Sendai plasmids pGEM-P/C and pGEM-L, and pTM-GST-P with each gene cloned downstream of the T7 promoter were as described by Curran et al. (10) and Chandrika et al. (5) , respectively. Rabbit anti-Sendai virus antibody (␣-SV), rabbit anti-L antibody (␣-L) (34) , rabbit polyclonal antibody against P peptides corresponding to aa 274 to 298 and aa 453 to 477 (␣-P, provided by K. Gupta, Chicago, Ill.) (3), and rabbit anti-glutathione S-transferase antibody (␣-GST) (5) have all been described.
Deletion and mutagenesis. Charge-to-alanine and other alanine substitution mutagenesis targeted the putative L binding domain of the Sendai virus P protein from aa 408 to 479 (12, 34) , generating mutants containing one to four alanine substitutions. The mutants P2, P4, P5, P408/9, and S426A were constructed with the Sculptor oligonucleotide-directed in vitro Mutagenesis System Version 2.1 Kit (Amersham) according to the manufacturer's protocol. The mutagenic oligonucleotides used are shown in Table 1 with the introduced new silent restriction enzyme sites (underlined) to screen putative mutants. An EcoRI-NdeIdigested fragment from nt 1,130 to 1,717 containing the mutation site(s) was then subcloned into pGEM-P/C at the same restriction sites, where a second EcoRI site located in the multiple cloning region upstream of the P gene in the original vector had been removed. The constructs were confirmed by sequencing. PCRdirected mutagenesis (19) was used to generate mutants P1, S419A, K453A, P455/6, and all the hydrophobic-to-alanine mutations. Site-specific mutations were constructed by introducing mismatches into the oligonucleotides used to prime the PCR amplification. This technique required two amplification steps which made use of a mutagenic oligonucleotide primer and its complement (not shown) along with two outside oligonucleotide primers ( Table 1) . The primary PCR amplification paired each outside primer with one mutagenic primer generating 5Ј and 3Ј arms. A secondary PCR product from the overlapping arms with the outside primers was then ligated into the pCR II vector (TA Cloning Kit; Invitrogen Corp.). Colonies were screened by PCR, and the mutations in positive clones were verified by digestion at the silent restriction site. The EcoRI-NdeIdigested DNA fragment containing the mutation site(s) was subcloned into pGEM-P/C at the same restriction sites and confirmed by sequencing. The mutant 2S447 was constructed by linearizing pGEM-P/C with PpuMI. The overhangs were filled in with T4 DNA polymerase and ligated by using T4 DNA ligase. This resulted in a 3-bp insertion coding for a serine residue.
Protein analysis. To measure various protein-protein interactions, A549 cells (35-mm dishes) were infected with VVT7 at a multiplicity of infection of 2.5 PFU/cell for 1 h at 37°C. The cells were then transfected with the wt or mutant pGEM-P/C (1.67 g), pGEM-L (1.67 g), and/or pTM-GST-P (0.2 g) by using
Lipofectin (Life Technologies) in Opti-MEM medium (GIBCO) as described in each experiment. At 5 h posttransfection (p.t.), the cells were labeled with Tran 35 S-label (100 Ci/ml) in Dulbecco modified Eagle medium with 0.1ϫ cysteine and methionine from 4 to 18 h p.t. at 37°C. Cytoplasmic cell extracts were then prepared by lysolecithin permeabilization in 300 l of Sendai virus reaction mix salts (RM salts; 100 mM HEPES [pH 8.5], 50 mM NH 4 Cl, 7 mM KCl, 4.5 mM magnesium acetate, 1 mM dithiothreitol, 1 mM spermidine) with 0.25% Nonidet P-40, and the lysates were clarified at 13,000 rpm for 25 min at 4°C.
For immunoprecipitation, samples of the 35 S-labeled supernatants (50 l) were incubated with 1 l each of ␣-SV, ␣-L, ␣-P, and/or ␣-GST antibodies as described in the figure legends, and the antigen-antibody complex was collected with inactivated Staphylococcus aureus (Cowan) as described previously (4, 20) . For bead-binding with glutathione-Sepharose beads, 50 l was brought up to a volume of 450 l with RM salts. The Sepharose beads (15 l per reaction), preblocked in RM salts containing 0.1% Nonidet P-40, 0.5% nonfat dry milk, and 10 mg of bovine serum albumin per ml and equilibrated in RM salts, were added and incubated for 15 min at 4°C. The beads were washed, and the proteins were separated by sodium dodecyl sulfate (SDS)-7.5% polyacrylamide gel electrophoresis (PAGE) and visualized by autoradiography. For analysis of P-L complex binding to NC, the wt or mutant P proteins (5 g) and the wt L protein (5 g) were coexpressed in VVT7-infected cells (100-mm dishes), and lysolecithin extracts were prepared in RM salts in the absence of detergent, but with 1 mM ATP. Equal samples were incubated in the absence or presence of the wt Sendai polymerase-free nucleocapsids (wt RNA-NP) (2.5 g) for 30 min at 30°C. The samples were fractioned on step gradients containing 2.5 ml of 30 and 50% (vol/vol) glycerol in 10 mM HEPES (pH 8.5) and 1 mM EDTA at 50,000 rpm for 1.4 h at 4°C in an SW55 rotor. The pellets were resuspended, immunoprecipitated with ␣-SV and ␣-L antibodies and analyzed by SDS-7.5% PAGE and autoradiography. For glycerol gradient analysis of the exchange assay, cells were either transfected with wt P plasmid in the presence or absence of wt L plasmid and labeled with Tran 35 S-label or transfected with plasmids to express the wt or mutant polymerases, wt PϩL, L421AϩL, or K453AϩL, which were unlabeled. Cytoplasmic extracts were prepared in complete RM, and samples of 35 S-labeled wt P were mixed with each unlabeled polymerase extract and incubated for 30 min at 30°C. The samples were fractionated by centrifugation on a 5 to 20% (vol/vol) glycerol gradient in the SW41 rotor at 29,000 rpm for 46 h as described previously (20) . Gradient fractions (1 ml) were collected, immunoprecipitated (0.5 ml) with the ␣-P antibody, and analyzed by SDS-PAGE. The P protein was quantitated on a phosphorimager and plotted in arbitrary units.
In vitro RNA synthesis. wt or mutant P (1.5 g) and wt L (0.5 g) plasmids were cotransfected into VVT7-infected cells (60-mm dish), along with a negative control containing no plasmid DNA. At 18 h p.t., lysolecithin cytoplasmic cell extracts were prepared, and the supernatant was treated with micrococcal nuclease as described previously (5) . Samples of 10 and 90 l were used for immunoblot analysis and in vitro transcription, respectively. For mRNA synthesis, [␣-
32 P]CTP and 1 g of Sendai virus polymerase-free wt RNA-NP template were added and incubated at 30°C for 2 h. Total RNA was isolated with the Qiagen RNEasy Total RNA Kit and analyzed directly by electrophoresis on a 1.5% agarose-acid-6 M urea gel and autoradiography. The products were quan- 
The oligonucleotide sequences are written 5Ј to 3Ј. The plus symbol refers to the messenger sense (ϩ) of the oligonucleotide. The underlined sequence indicates the introduced silent restriction enzyme site shown on the right.
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titated on a phosphorimager. For leader RNA analysis, the extracts were incubated with CTP at 1 mM in the absence of radiolabeled nucleotide and wt RNA-NP. Total RNA was phenol-chloroform extracted, separated by electrophoresis on a 8% polyacrylamide-8 M urea gel, and electroblotted onto Hybond N nitrocellulose. leϩ RNA was detected by Northern analysis as described previously (22) with the complementary 32 P-end-labeled oligonucleotide, 5Ј-AAATCCTGTA TAACTTCATT ACATATCCCA TACATGTTTT TTCTCTT GTT TGGT-3Ј. The blots were exposed to Kodak X-Omat film, and the RNA quantitated on the phosphorimager.
For the rescue experiments, VVT7-infected cells (60-mm dishes) were transfected with no plasmids (Mock) or with wt or mutant P plasmids alone (5 g), and separate dishes were cotransfected in duplicate with the same P plasmids and wt L plasmid at a 1:1 ratio (3 g each). It has been shown previously that this ratio of P to L is suboptimal for in vitro transcription (ϳ25% [20] ). To maintain about the same final amount of viral polymerase used in regular in vitro transcription experiments, the amount of P plasmid was doubled from 1.5 to 3 g, since only 60% of the extract was used for the reaction. Cell extracts (110 l) were prepared, duplicate dishes were pooled, and nuclei were pelleted as described above. Cytoplasmic extracts with the wt or mutant P-L complexes were then divided into three 60-l aliquots and to these were added 30 l of a cell extract which contained either mock, wt P, or mutant P protein, where the P proteins were expressed alone. In vitro transcription with radiolabeled nucleotide and template was performed and analyzed as described above. For analysis of P protein expression, samples of cell extracts were separated by SDS-7.5% PAGE and electroblotted onto nitrocellulose (Schleicher & Schuell) by using the Mini-Protean electrophoresis system (Bio-Rad). Proteins were detected with ␣-P antibody and the enhanced chemiluminescence protein identification system (Amersham Life Science).
RESULTS

Mutant P proteins defective in in vitro transcription.
Ten charge-to-alanine or serine-to-alanine mutants were constructed in the L binding domain of the P protein as shown in Fig. 1A . To test for the biological activity of the mutant P proteins, VVT7-infected A549 cells were cotransfected with the wt or mutant P plasmid together with L plasmid and incubated overnight, and cytoplasmic extracts were then prepared. Polymerase-free Sendai virus RNA-NP template and radiolabeled nucleotide were added, and transcription in vitro was carried out as described in Materials and Methods. The wt P and L proteins were active in the synthesis of full-length NP and P mRNA products ( Fig. 2A, lanes 2 and 8, and Fig. 2B , lane 2), whereas no synthesis of mRNAs was detected in the absence of viral proteins ( Fig. 2A, lanes 1 and 7, and Fig. 2B , lane 1). The mutants S419A, S426A, and 2S447 retained wildtype levels of transcriptional activity ( Fig. 2A, lanes 5, 9 , and 10), while P455/6 gave about half the activity (Fig. 2B, lane 4) . The mutants P1, P2, K453A, and P5 showed a significant reduction (60 to 90%) in activity ( Fig. 2A , lanes 4 and 6, and 2B, lanes 3 and 6, respectively), while P408/9 and P4 were the most impaired, yielding very little in the way of mRNA products ( Fig. 2A, lane 3, and Fig. 2B , lane 5, respectively). Where mRNA synthesis occurred, it was not determined whether the ratio of NP to P mRNAs was altered by any of the mutations. In some experiments there were background products in the mock-transfected samples (Fig. 2B, lane 1) , which probably resulted from residual vaccinia virus or T7 polymerase activity due to incomplete nuclease treatment of the cell extracts prior to the start of transcription. Immunoblot analysis of samples of the cell extracts showed that the wt and mutant P proteins were nearly equally expressed ( Fig. 2C and D) , so the differences were in the activities of the proteins. Radiolabeling of cells expressing L with each of the mutant P protein showed that L protein was stably expressed in each case (see Fig. 4 and 7) . Thus, mutagenesis of P amino acids throughout the L binding domain produced a spectrum of mRNA synthesis phenotypes which are summarized in Fig. 1B .
We also tested whether the P proteins could synthesize the first transcription product, the 55-nt leϩ RNA from the wt RNA-NP template. The infected, transfected extracts were used for the synthesis of unlabeled product RNAs. The small RNA products were separated by acrylamide-urea gel electrophoresis and analyzed by Northern blotting with an leϩ-specific probe as described in Materials and Methods. The wt P-L complex synthesized leϩ RNA of 55 nt, as well as longer products, due to readthrough of the leader-NP gene boundary (Fig. 3, lanes 2, 12, and 16 ) as reported earlier (5, 35) , while no leϩ RNA product was detected in the mock samples in which no viral proteins were expressed (Fig. 3, lanes 1, 11, and 15) . S419A, S426A, and 2S447, which showed no reduction of mRNA synthesis, also synthesized leϩ RNA at or near wt levels (Fig. 3, lanes 5, 6, and 8) . Mutants P408/9, P1, P2, K453A, P455/6, and P4 were reduced in their ability to synthesize leϩ RNA (Fig. 3, lanes 3, 4, 7, 9 , 10, and 13) by amounts similar to their reduction in mRNA synthesis. In contrast, P5 synthesized mRNA at 25% of wt levels, but only synthesized leϩ RNA at 6% of wt P (Fig. 3, lane 14) . Since leϩ RNA and mRNA synthesis are decreased proportionally in most of the mutants, these data indicate that the defect appears to be in the initiation of RNA synthesis and that, once started, elongation is not affected.
The mutant P proteins form P-L complexes and assemble onto the NC template. Since these P mutations reside in the L binding domain, perhaps those that were defective in RNA synthesis were not capable of forming the viral polymerase. We, therefore, utilized a NC binding assay which measures both P-L complex formation and the assembly of the polymerase onto the NC template. VVT7-infected cells were transfected with no plasmids (Ϫ) or with wt or mutant P plasmids, Fig. 2, 3 , and 6. The plus signs refer to the amount of transcription in multiple experiments (3 to 6) compared to wt P, as follows: ϩϩϩϩϩ, Ͼ80%; ϩϩϩϩ, 60 to 80%; ϩϩϩ, 40 to 60%; ϩϩ, 20 to 40%; and ϩ, Ͻ20%.
together with L plasmid, and labeled with Tran 35 S-label. Cytoplasmic extracts were divided, incubated in the presence or absence of NCs, and pelleted through glycerol as described in Materials and Methods. Since the polymerase binds NC through the P subunit (23), L will sediment with NC only when the P-L complex is formed. When the wt or mutant P proteins were coexpressed with L and pelleted in the absence of NC, little or no P and L were present in the pellet (Fig. 4A, B and C, odd-numbered lanes). In the presence of NC, both the P and the L proteins were in the pellets for wt P and all the mutants, and thus each mutant P bound both L and NC (Fig.  4A , B and C, even-numbered lanes). These data also show that L protein is stably expressed with each of the mutant P proteins. The other bands in two sets of experiments ( . These data suggest that the defects in RNA synthesis with some P mutants are not due to the inability of P and L to form a polymerase complex and to assemble this complex onto the nucleocapsid template. The mutant P proteins are capable of oligomerization. The P oligomerization site is just upstream of the L binding domain and was postulated to extend into the L binding domain (11) . To test whether the P-P interaction was altered in the mutants, radiolabeled wt or mutant P proteins were expressed in cells together with GST-P fusion protein, and the cobinding of P with GST-P to glutathione-Sepharose beads was used as a measure of complex formation. GST-P protein bound to the beads as expected (Fig. 5A , B and C, lanes 3). wt P protein expressed alone did not bind to the beads (lanes 2); however, when P protein was expressed in the presence of GST-P, P cobound with GST-P to the beads showing complex formation (lanes 4). Each of the P mutants also cobound to beads when expressed in the presence of the GST-P protein (Fig. 5A, B,   FIG. 4 . Binding of the charge-to-alanine mutant polymerase complexes to NCs. (A to C) VVT7-infected A549 cells were incubated alone or cotransfected with wt or mutant P and wt L plasmids as indicated in different sets of experiments, each with a control for VV infection alone to measure nonspecific background for that set of samples. Cells were labeled with Tran 35 S-label, and cytoplasmic cell extracts were prepared, incubated in the absence or presence of polymerase-free wt RNA-NP, and pelleted through glycerol as described in Materials and Methods. The pellets were immunoprecipitated with ␣-SV and ␣-P antibodies and analyzed by SDS-PAGE. The positions of the P and L proteins are indicated.
FIG. 5.
Cobinding of the charge-to-alanine mutant P proteins and the GST-P fusion protein to glutathione-Sepharose beads. (A to C) VVT7-infected A549 cells were transfected with the wt or mutant P plasmids alone or together with GST-P plasmid as indicated. The cells were labeled with Tran 35 S-label, and cell extracts prepared and incubated with glutathione-Sepharose beads; the bound proteins were then analyzed by SDS-PAGE as described in Materials and Methods. The positions of the P and GST-P proteins are indicated. and C, even-numbered lanes), but not when expressed alone (Fig. 5A, B , and C, odd-numbered lanes). These data show that all of the P mutants are capable of oligomerization.
Hydrophobic mutant P proteins are defective in in vitro transcription. Since individual changes of the charged amino acids and serines in the L binding domain did not affect P-L complex formation, conserved hydrophobic amino acids in this region of P were also changed to alanine (Fig. 1A) and tested for their biological activity. Compared to the wt P positive control, only mutant I430A synthesized NP and P mRNAs (Fig. 6A, lane 6) at levels near that of the wt. Mutants L421A and L425A gave little or no mRNA synthesis (Fig. 6A, lanes 3  and 4) , while L428A and G436A gave intermediate activity (lanes 5 and 7) . Immunoblot analysis showed that the wt and mutant P proteins were similarly expressed (Fig. 6B) . Thus, mutagenesis of hydrophobic P amino acids within the L binding domain produced two mutants which were basically inactive, as summarized in Fig. 1B . Analysis of leϩ RNA synthesis by the hydrophobic mutants showed that I430A and G436A synthesized significant leϩ in the same proportion as the mRNA products (Fig. 3, lanes 20 and 21, and Fig. 6 ). Surprisingly, L421A, L425A, and L428A also synthesized leϩ RNA at about half the level of wt P (Fig. 3, lanes 17 to 19) , although their synthesis of mRNA was much decreased (Fig. 6, lanes 3  to 5, and Fig. 1B ). This increased amount of leϩ RNA relative to mRNA suggested that these mutants may be defective in their ability to transcribe past the leader-NP boundary.
The hydrophobic mutant P proteins form P-L, P-NC, and P-P interactions. P-L complex formation with the hydrophobic P mutants was analyzed by utilizing the NC binding assay. When each of the radiolabeled mutant P proteins was coexpressed with L and incubated in the absence of NC, little or no P or L was present in the pellet after centrifugation (Fig. 7 , even-numbered lanes), while in the presence of NC both the P and L proteins were in the pellet, showing the P-L complex bound NCs (Fig. 7, odd-numbered lanes) . These data show that all of these mutant P proteins are able to form a polymerase complex and to bind to the template. We also showed that all of the hydrophobic P mutants were capable of oligomerization, since each cobound to beads when expressed in the presence, but not the absence, of the GST-P protein (data not shown). The hydrophobic, like the charge-to-alanine, P mutants are thus able to form all of the known protein-protein interactions necessary for transcription, yet the biological data suggest that two of these residues are essential for polymerase activity.
Transcriptional activity is rescued by wt P protein for some but not all P mutants. Another possible role for P protein in transcription, aside from its activity as part of the polymerase complex, has recently been described. Curran (8, 9) provides evidence that P alone is bound to the template independently of L and that this form of P is also essential for mRNA synthesis. The exact mechanism for this supplemental function of P has yet to be delineated. To test whether the defect in the activity of any of the mutant P proteins could be polymerase independent, we designed an experiment to determine whether wt P protein could rescue the defective polymerases. We first tested K453A and L421A, whose activities were decreased by ϳ70 and 95%, respectively, for both leϩ RNA and mRNA synthesis (Fig. 1B) . The wt P-L or mutant (K453A-L or L421A-L) polymerase complexes were expressed in one extract by utilizing a suboptimal ratio of P and L plasmids which gave reduced (20 to 25%) transcription with the addition of a mocktransfected extract (Fig. 8, top panel, lanes 2, 5, and 8) . When a wt P extract, where P protein was expressed alone as described in Materials and Methods, was added to the subopti- 
FIG. 7.
Binding of the hydrophobic-to-alanine mutant polymerase complexes to NCs. VVT7-infected A549 cells were cotransfected with wt P or mutant P plasmids and wt L plasmid as indicated. Cells were labeled with Tran 35 S-label, and cell extracts were prepared as described in Materials and Methods. The extract was divided in half, incubated in the absence or presence of polymerasefree wt RNA-NP, and pelleted through glycerol as described in Materials and Methods. The pellets were immunoprecipitated with ␣-SV and ␣-P antibodies and analyzed by SDS-PAGE. The positions of the P and L proteins are indicated.
VOL. 73, 1999 FUNCTIONS OF THE SENDAI VIRUS P PROTEIN 6479
on August 28, 2017 by guest http://jvi.asm.org/ mal wt P-L complex, the transcriptional activity was significantly stimulated (Fig. 8, top panel, lanes 4, 7, and 10), up to the level observed when P and L were coexpressed at the optimum ratio of plasmids (data not shown). The addition of the P K453A extract to wt P-L, however, was only able to partially rescue activity (ϳ30%, lanes 2 and 3, respectively), a result consistent with its limited overall activity. Addition of the mutant L421A extract to wt P-L was not able to rescue the activity of the wt polymerase at all (data not shown). The K453A-L and L421A-L polymerases could both also be rescued to full activity by the addition of wt P (lanes 7 and 10, respectively), while neither mutant protein restored the activity of its respective polymerase (lanes 6 and 9). Immunoblot analysis showed that the P proteins were all expressed at similar levels (Fig. 8, bottom panel) . Two other mutants, P408/9 and P4, which showed more severe defects in transcription, yielding little mRNA or leϩ RNA synthesis (Fig. 1B) , were also tested for their ability to be rescued by the addition of wt P. Although wt P gave significant mRNA synthesis when added to the wt polymerase (Fig. 9A  and B, top panel, lanes 4) . wt P did not restore the P4 or P408/9 polymerase complexes to full activity (lanes 7). For P4 only a small amount of rescue could be seen (Ͻ10%); however, P408/9 was partially rescued (ϳ50 to 60%). Likewise, neither the mutant P408/9 nor P4 alone was successful in restoring full activity to the wt polymerase ( Fig. 9A and B Top, lanes 3) or to its respective mutant polymerase (lanes 6). Immunoblot analysis showed that the proteins in each set, polymerase or P alone, were similarly expressed ( Fig. 9A and B, bottom) .
Lack of exchange between P alone and the P-L complex. We wanted to test whether the mechanism of rescue of transcription is that the added P protein exchanges with the P within the P-L polymerase complex. This was assayed by sedimentation analysis of 35 S-labeled wt P protein on glycerol gradients either alone, after coexpression with L, or after incubation with unlabeled wt or mutant P-L extracts under transcription conditions. As the control for complex formation, glycerol gradient analysis showed that P protein expressed alone sedimented, as a trimer (9) , primarily in fractions 6 to 8 (Fig. 10A) . However, when the P protein was expressed with L, a portion of P now cosedimented with L in fractions 10 to 12 (Fig. 10A) -infected A549 cells were transfected with no plasmids or wt or mutant P plasmids alone and separate dishes cotransfected with the same P plasmids and wt L plasmid. Cell extracts containing the viral polymerases were then divided into three aliquots, and to these were added cell extract containing either mock, wt P, or mutant P protein, where the P proteins were expressed alone as described in Materials and Methods. The samples were incubated with wt RNA-NP in the presence of [␣- (Top panels) VVT7-infected cells were transfected with no plasmids (Ϫ) or wt or mutant P plasmids alone, and separate dishes were cotransfected with the same P plasmids and wt L plasmid. Cell extracts containing the wt or mutant viral polymerases were divided into three aliquots, and to these were added cell extract containing either mock, wt P, or mutant P protein, where the P proteins were expressed alone. The samples were incubated with wt RNA-NP in the presence of [␣-
32 P]CTP. The transcripts were purified and analyzed by gel electrophoresis. The relative positions of the NP and P transcripts are indicated. (Bottom panels) Immunoblot analysis with ␣-P peptide antibody of each set of samples with mock lanes (Ϫ) for both P-L and P samples. The position of the P protein is indicated.
plexes were prepared with wt P-L and the mutants L421A-L and K453A-L, all of which could be rescued with wt P. After incubation of radiolabeled wt P with the unlabeled wt and mutant polymerase complexes, in each case P was still found in sedimentation analysis only in fractions 6 to 8, profiles which were identical to the sedimentation profile of P alone (Fig.  10B) . Since there was no shift of the added P to sediment with L (Fig. 10B) , the data suggest that exchange between a free pool of P protein and P associated with the L protein did not occur during rescue.
DISCUSSION
The modular P subunit of the Sendai virus RNA-dependent RNA polymerase performs multiple functions in viral RNA synthesis. The P protein oligomerizes and forms the polymerase complex with L protein and mediates binding of the polymerase to NCs (9, 11, 12, 23, 33, 34) . In an effort to identify the amino acids within P that are important for complex formation with L and for function, seven charged-to-alanine and five hydrophobic-to-alanine mutants were constructed in the region spanning the L binding site. We assessed the ability of each of the mutants to transcribe viral mRNA and leϩ RNA and found a spectrum of wt and defective phenotypes as summarized in Fig. 1B .
The mutants P455/6, L428A, and G436A gave intermediate mRNA synthesis relative to wt P, and the mutants P1, P2, K453A, P5, L421A, and L425A were significantly reduced in mRNA synthesis (Fig. 2 and 6 ). The mutants P408/9 and P4 were the most impaired, yielding little or no mRNA products. Thus, sites essential for activity are interspersed throughout the region. This was unexpected since Curran et al. (12) proposed that only the residues from 412 to 445 were necessary for L binding and P function. Clearly, these data show that the distal portion of this domain from aa 446 to 479 is also critical for polymerase function. Another interesting feature of this set of mutants is that P2 was temperature sensitive. The P2-L complex showed significant defects in both mRNA and leader RNA synthesis (Ͼ85% inhibition) at 37°C ( Fig. 2 and 3 ). However, when the P2-L complex was synthesized at 32°C instead of 37°C, it was able to synthesize mRNA at 75% of wt L levels (data not shown). In other studies (1, 2, 36) charge-to-alanine mutagenesis yielded ca. 30% temperature-sensitive mutants, while the present study yielded 14%.
In general, the mutant P proteins showed comparable defects in both the synthesis of the first transcript, the leϩ RNA, and the downstream mRNAs (Fig. 1B) , which suggests that these mutants are defective in the initiation of RNA synthesis, which equally affects all downstream RNA synthesis. However, there were a few interesting exceptions. P5 synthesized mRNA at 25% of wt levels, but only synthesized leϩ RNA at 6% of wt levels. This mutant polymerase is thus defective in initiation at the 3Ј end of the genome but is now apparently able to initiate at the internal NP gene start site. A VSV mutant with one change in the VSV N protein was also previously shown to initiate more frequently at the start of the N gene rather than at the leϩ gene (6) . In contrast, the hydrophobic mutants L421A, L425A, and L428A synthesized leϩ RNA in increased amounts relative to mRNA synthesis ( Fig. 3 and 6 ). This indicates that these mutants may be unable to properly transverse the leader-NP boundary and that P is necessary for moving the polymerase into the next transcriptional unit. Also of interest was that conserved serines, S419 and S426, within the L binding domain proved to be nonessential for Sendai virus P function in transcription.
To determine whether the defective phenotypes were a consequence of a defect in any of the required protein-protein interactions, NC binding and P oligomerization assays were employed. Each of the mutants, in fact, retained each of these protein-protein interactions which are necessary for biological activity. These data suggest that the mutations did not introduce global changes in P protein conformation. Thus, we propose that the L binding domain may be folded in such a way that the residues important for P-L complex formation are spaced throughout a complex tertiary structure where mutation of no single site abolishes binding, although deletion of multiple sites does abolish binding (12, 34) . Another possibility for the defects of some of the P mutants is that P may be binding a cell protein required for viral RNA synthesis and the mutations may have altered this interaction. Further work FIG. 10 . Analysis of exchange between unlabeled wt or mutant polymerase complexes and radiolabeled wt P protein. (A) VVT7-infected A549 cells were transfected with the wt P plasmid alone (s) or together with the L plasmid (E) and then labeled with Tran 35 S-label. Cytoplasmic extracts were fractioned on a glycerol gradient, and the proteins were immunoprecipitated with ␣-SV and ␣-L antibodies and analyzed by SDS-PAGE. The P band was quantitated on the phosphorimager, and plotted in arbitrary units (A.U.) as described in Materials and Methods. (B) VVT7-infected cells were transfected with wt P plasmid alone (s) and labeled with Tran-35 S-label or with wt L plasmid together with either wt P ({), K453A (F), or L421A (‚) plasmids, which were unlabeled. Cytoplasmic extracts containing the unlabeled polymerase complexes were prepared, incubated with an equal volume of the 35 S-labeled wt P cell extract, and analyzed as described above. The position of sedimentation of the L protein is indicated by the bar. needs to be done to address this hypothesis, although there is currently no evidence that P binds cellular proteins.
Since protein-protein interactions did occur, we next sought to determine whether the defects in RNA synthesis were due to abrogation of polymerase function or possibly to a defect in a supplemental role of the P protein which was recently identified by Curran (8, 9) . Earlier studies had suggested that there was more P required for viral mRNA synthesis than was accounted for by assuming P functioned only in the P-L complex. Cell extracts optimized for Sendai virus or VSV mRNA synthesis contained an excess of P protein (5, 13) , and immunoelectron microscopy of intracellular Sendai virus NCs showed that P was bound to the template both independently of and together with L, whereas L was only found associated with P (31). Curran (8) demonstrated that ␣-L antibody-immunoselected P-L complexes were surprisingly inactive in transcription, but that that activity could be completely restored by the addition of P alone. P proteins containing deletions of either the L binding domain or the C-terminal NC binding domain were unable to rescue transcription, suggesting that P somehow interacts with both L in the bound polymerase complex and the template.
To test whether the supplemental function of P was defective in the mutants, we expressed P and L with suboptimal levels of P plasmid and then sought to determine whether added wt P could restore (rescue) full transcriptional activity to the polymerase. Our data showed that rescue by wt P occurred for the polymerase complexes containing the K453A and L421A mutant P proteins but not for those with P408/9 or P4 ( Fig. 8 and 9 ). Interestingly, none of the mutant P proteins could rescue the wt polymerase. These results suggest that mutants which are rescued are defective in the supplemental role of P, while polymerase function remains intact. Mutants which cannot be rescued by wt P are defective in both supplemental and polymerase functions.
Two models may be proposed for the rescue of transcription by wt P. First, exchange may occur between the P protein in the polymerase complex and free P creating a wt polymerase. Second, the supplemental role of the P protein might be independent of the polymerase complex, where P binding somehow alters the nucleocapsid aiding in the movement and/or activity of the polymerase on the template. To address the first model for rescue, there are several lines of evidence which suggest that no exchange occurs. The sedimentation analyses shown here (Fig. 10) showed no incorporation of wt P into preformed wt or mutant P-L complexes when rescue did occur and two of the P mutants could not be rescued. In addition, previous data showed that the P and L proteins must be coexpressed in order to form the polymerase complex and an active polymerase (20) . Likewise, it has also been demonstrated that different forms of the P protein required coexpression for oligomerization (11, 24) . One caveat to these experiments, however, was that each of the assays used to determine exchange were done with the proteins in the absence of the viral template. Thus, it cannot be ruled out that exchange occurs only during RNA synthesis while the polymerase and excess P protein are associated with the template.
We favor a supplemental role of P in RNA synthesis that is independent of the polymerase. One mechanism might be that P binds to the template to increase the accessibility of the polymerase. By electron microscopy the Sendai virus NCs in infected cells have been observed to have both a relatively tight pitch of 5.3 or 6.8 nm and a more extended conformation with a pitch of 37.5 nm (14, 29) . Thus, binding of P could be functioning in the transition between these pitch states to open the NC helix for RNA synthesis. Alternatively, or at the same time, P may function to transiently remove NP from the NC to expose the RNA (8) . This model would predict that the P mutants might not bind NCs with the same affinity as wt P. While our assay for binding suggests that they all do bind NC, subtle differences may not be distinguishable. Certain characteristics of the P oligomer may facilitate the supplemental function. Curran (9) suggests a model whereby the P protein trimer can "walk" down the template through the formation and breakage of multiple weak contacts. In addition, Gao and Lenard (18) provided evidence that the VSV P-L complex is bound more tightly than P alone to NCs. If this is analogous for Sendai virus, then it would lend further evidence that P alone functions to increase the processivity of the polymerase, as it would be easier for the supplemental P to move on the template.
Two of the P mutants, P408/9 and particularly P4, have defects in the activity of the polymerase complex. The reason for this is unknown, but the data would suggest that either P itself contributes to the catalytic activity of the polymerase or that these incorrect contacts with L protein during formation of the complex cause folding alterations in L that inactivate the catalytic activity of the protein. These alterations must be subtle since L protein is stable when expressed with each mutant P and is not degraded as it is when synthesized in the absence of P. In summary, the L binding domain is important both for polymerase activity and for the unique supplemental role of P alone in transcription. Furthermore, in some cases residues important for the catalytic activity of the P-L complex can be genetically separated from those for the supplemental function.
